position as Antr. These results suggest that a single dominant allele determines the awnless diagnostic character in the variety anathera. The Antr dominant allele is a novel gene inhibiting awn elongation in wheat and its relatives.
Introduction
The awn is a needle-like structure extending from the lemma of the spikelet in grass species such as rice, barley, rye, oat, sorghum, and wheat. A study of awn function using the wild tetraploid wheat Triticum turgidum L. ssp. dicoccoides suggested that movement of the two awns driven by the daily humidity cycle helps bury seeds in the ground (Elbaum et al. 2007 ). The barbs of awns contribute to seed dispersal by attaching to animal fur (Sorensen et al. 1986 ). Awns also protect seeds from animals and birds (Grundbacher 1963) . During cereal evolution, however, the awnless or shortawn phenotype has been selected because needle-like awns with barbs interfere with manual harvesting (Xiong et al. 1999) . Most strains of domesticated rice, especially Oryza sativa ssp. japonica, have no or very short awns (Oka 1988; Vaughan 1989 ). On the other hand, most barley cultivars have retained long awns, probably due to the significant contribution of barley awns to photosynthesis (Kjack and Witters 1974) . A significant yield advantage of barley accessions with full or half awns compared with quarter awns or awnless genotypes has been confirmed (Qualset et al. 1965) . Barley awns in cross-section are triangular, with two zones of chlorenchyma cells, three well-developed vascular bundles inside, and stomata on the surface (Reid 1985) . In contrast, rice awns are round in cross-section, with one vascular Abstract Aegilops tauschii, a wild wheat relative, is the D-genome donor of common wheat. Subspecies and varieties of Ae. tauschii are traditionally classified based on differences in their inflorescence architecture. However, the genetic information for their diversification has been quite limited in the wild wheat relatives. The variety anathera has no awn on the lemma, but the genetic basis for this diagnostic character is unknown. Wide variations in awn length traits at the top and middle spikes were found in the Ae. tauschii core collection, and the awn length at the middle spike was significantly smaller in the eastward-dispersed sublineage than in those in other sublineages. To clarify loci controlling the awnless phenotype of var. anathera, we measured awn length of an intervariety F 2 mapping population, and found that the F 2 individuals could be divided into two groups mainly based on the awn length at the middle of spike, namely short and long awn groups, significantly fitting a 3:1 segregation ratio, which indicated that a single locus controls the awnless phenotype. The awnless locus, Anathera (Antr), was assigned to the distal region of the short arm of chromosome 5D. Quantitative trait locus analysis using the awn length data of each F 2 individual showed that only one major locus was at the same chromosomal Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10709-017-9998-2) contains supplementary material, which is available to authorized users. bundle in the center, and probably do not contribute much to photosynthesis (Toriba et al. 2010) . Some progress has been made toward a better understanding of the genetic network controlling awn elongation. In rice, several genes related to awn elongation have been isolated: An-1 (Luo et al. 2013a) , DROOPING LEAF (DL) and OsETTIN (OsETT, Toriba and Hirano 2014) , LONG AND BARBED AWN1 (LABA1, Hua et al. 2015) , and REGULATOR OF AWN ELONGATION 2 (RAE2, Bessho-Uehara et al. 2016) . In barley, a mutation in the Lks2 gene, which encodes the SHORT INTERNODE (SHI) family transcription factor, causes a reduction in awn elongation (Yuo et al. 2012) . A quantitative trait locus (QTL) on 7HL mainly contributes the awn length diversity in a multiparent mapping population of barley (Liller et al. 2017) . In the Hooded mutation of barley, an additional floret is formed upside down in place of the awn, and a single dominant genetic locus, represented by a 305-bp duplication in the 4th intron of the homeobox gene HvKnox3, causes the Hooded phenotype (Müller et al. 1995) .
Aegilops tauschii Coss., the D-genome donor of common wheat, has a wide natural species range in central Eurasia, from northern Syria and Turkey to western China (Kihara and Lilienfeld 1949) . Recent molecular analyses of Ae. tauschii indicated the presence of two major genealogical lineages, tauschii lineage 1 (TauL1), lineage 2 (TauL2), and a minor lineage (TauL3) (Mizuno et al. 2010; Wang et al. 2013; Matsuoka et al. 2013 Matsuoka et al. , 2015 . The TauL1 accessions are distributed from the Transcaucasus and northern Iran to Pakistan and Afghanistan, whereas TauL2 is restricted to western areas (Mizuno et al. 2010; Matsuoka et al. 2013 Matsuoka et al. , 2015 . TauL1 and TauL2 have each been further divided into two sublineages: TauL1a and TauL1b, and TauL2a and TauL2b. Next-generation sequencing of the Ae. tauschii transcriptome revealed genome-wide single nucleotide polymorphisms (SNPs) between the two major lineages (Iehisa et al. 2012 (Iehisa et al. , 2014 . Intraspecific variation in various morphological traits have been studied in Ae. tauschii Takumi et al. 2009; Nishijima et al. 2017) , and the natural variation offers potential for improving modern varieties of common wheat (Trethowan and Mujeeb-Kazi 2008; Jones et al. 2013) . Subspecies and varieties are classified based on inflorescence architecture in Ae. tauschii (Eig 1929) . Aegilops tauschii reveals a wide natural variation in awn length, and the variety anathera is simply characterized based on its awnless phenotype. However, to our knowledge, no genetic characterization on the awn-inhibiting gene has been performed in wild wheat relatives including Ae. tauschii. Our previous study examining 27 morphological traits in Ae. tauschii showed that awn length traits are independent of other traits that have geographical clines, and suggested that awn-related traits could be controlled by a few major genes ). In common wheat, awn length is mainly controlled by three non-homoeoallelic awn inhibitors, Hooded (Hd), Tipped1 (B1), and Tipped2 (B2), which are localized on chromosome arms 4AS, 5AL, and 6BL, respectively (Sears 1954; Li et al. 2015; Yoshioka et al. 2017) . Thus, recessive mutations inhibit awn elongation in rice and barley, whereas the Hd, B1, and B2 mutations resulting in awnless or short awn phenotypes are dominant alleles in common wheat. Such awnless phenotypes are sometimes important for subspecies and variety classification in wheat wild relatives (Eig 1929) . Therefore, the molecular nature of these phenotypes and allele distribution should be elucidated to understand intraspecific differentiation in wheat and the closely related genus Aegilops. However, there is no information on the genetic loci controlling the diagnostic character of variety anathera. The aim of the present study was to clarify the genetic basis and chromosomal location of the anathera awnless gene, which, to our knowledge, is the first study mapping an awnless gene other than Hd, B1, and B2 in wheat and its relatives. In addition, the awn-inhibiting dominant allele found in the present study enables to be regarded as the variety anathera differentiationrelated gene in Ae. tauschii.
Materials and methods

Plant materials and phenotype evaluation
Two accessions of Aegilops tauschii Coss., KU-2003 (var. anathera) and KU-2124 (var. tauschii) , were used as parents for an intervariety F 2 mapping population. The variety anathera shows the awnless phenotype, and the variety tauschii has awns. The mapping population was generated from crossing KU-2003 as a maternal parent with the KU-2124 pollens. These accessions were supplied through the National BioResource Project (NBRP) KOMUGI (http:// shigen.nig.ac.jp/wheat/komugi/). In the 2011-2012 season, 116 F 2 individuals were arranged randomly and grown in the experimental field of Kobe University. Awn length was measured at the top (TopAL) and the middle (MidAL) of three spikes for each individual. An Ae. tauschii core collection consisting of 206 accessions was also used for the phenotypic analyses Matsuoka et al. 2013 ). The intraspecific lineage and sublineage information for each Ae. tauschii accession was based on previous reports (Matsuoka et al. 2013 (Matsuoka et al. , 2015 , and awn length data was based on another of our previous reports ). To compare the examined traits between the lineages and among the sublineages, data points on the TauL3 accessions and admixtures in TauL1 and TauL2 (TauL1x and TauL2x) were omitted due to their limited number, as mentioned in a previous study (Nishijima et al. 2017) . The phenotypic data for the awn-related traits were statistically analyzed using RStudio ver. 0.99.902 software (http://www.rstudio.com), with R software ver. 3.3.1 (https://www.R-project.org/) for running Welch's t-test and the Steel-Dwass test.
The awn-base region of the lemma was analyzed on an S-3400N scanning electron microscope (Hitachi High-Technology, Tokyo, Japan) without any pretreatment as previously described (Okamoto et al. 2012) . Scanning electron microscopy (SEM) was performed at an accelerating voltage of 8.00 kV under low vacuum conditions of 70 Pa at − 25 °C.
Linkage map construction and QTL analysis
To amplify PCR fragments of simple sequence repeat (SSR) markers, total DNA was extracted from leaves of the parental accessions and the F 2 individuals. Information on SSR markers and their respective annealing temperatures was obtained from the GrainGenes website (https://wheat.pw.usda.gov/ GG2/index.shtml). For SSR genotyping, 40 cycles of PCR were performed using 2x Quick Taq HS DyeMix (TOYOBO, Osaka, Japan) under the following conditions: 10 s at 94 °C, 30 s at the annealing temperature, and 30 s at 68 °C. PCR products were resolved in 2% agarose or 13% non-denaturing polyacrylamide gels, stained with ethidium bromide, and visualized under UV light.
The MAPMAKER/EXP version 3.0 package was used for genetic mapping (Lander et al. 1987) , and the threshold for logarithm-of-odds (LOD) score was set at 3.0. QTL analyses for TopAL and MidAL were conducted by composite interval mapping with Windows QTL Cartographer version 2.5 software using the forward and backward method (http://statgen.ncsu.edu/qtlcart/WQTLCart.htm), and the LOD score threshold for each trait was determined by computing a 1000 permutation test. The phenotypic variation explained by a QTL for a given trait was also estimated.
Marker development in the target chromosomal region
We previously performed RNA-seq analysis of two Ae. tauschii accessions that represent two major lineages, and identified more than 16,148 high-confidence SNPs on 5808 contigs (Iehisa et al. 2012 (Iehisa et al. , 2014 . These contigs with SNPs were positioned through BLASTN searches against the genome sequences of Ae. tauschii (Jia et al. 2013 ) and barley (The International Barley Genome Sequencing Consortium, IBSC 2012), which included high-confidence genes with an E-value threshold of 10 −5 and hit length ≥ 50 bp, fingerprinted contigs, and whole genome shotgun assemblies.
To choose Ae. tauschii scaffolds that putatively constitute the Antr chromosomal region, all the genes on each scaffold were BLASTN-searched against the barley genome sequence with the same parameters as above. Because the awnless phenotype was assigned to the distal region of the short arm of chromosome 5D, scaffolds containing at least one gene anchored to the distal region of barley chromosome arm 5HS (between 0.47 and 3.12 Mb) were selected for marker development. Scaffolds without genes were assigned to barley chromosomes based on the respective results from the BLASTN search. In addition, all the genes contained in the 5DS survey sequence (The International Wheat Genome Sequencing Consortium, IWGSC 2014) were also BLASTN-searched against the barley genome. First, the high-confidence SNPs located on this 5HS chromosomal segment were used for marker development to redefine the Antr region. Next, SciRoKo version 3.4 software (Kofler et al. 2007 ) was used with the search mode setting "mismatched; fixed penalty" to detect additional SSR markers in the candidate scaffold sequence. Additional SNPs were identified on these scaffolds by sequencing approximately 700 bp of amplified DNA of the two parental Ae. tauschii accessions, KU-2003 and KU-2124 . The nucleotide sequences were determined using an Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA), and SNPs were found through sequence alignment using GENE-TYX-MAC version 12.00 software (Whitehead Institute for Biomedical Research, Cambridge, MA, USA). The identified SNPs were converted to cleaved amplified polymorphic sequence (CAPS) markers. The primer sequences of these additional markers and any relevant restriction enzymes are listed in Table S1 .
Association analysis of the developed markers with awn length variation
For an association analysis by incorporating phenotypic and genotypic data and information on population structure, TASSEL ver. 5.0 software was used to perform the Q + K method with a mixed linear model function (Bradbury et al. 2007 ). Based on our previous reports with the genotype information of the DArT markers (Matsuoka et al. 2013 (Matsuoka et al. , 2015 , the population structure of the 206 Ae. tauschii accessions was set as k = 2. The Q-matrix of population membership probabilities and kinship (K) were calculated in TASSEL according to a previous report (Sakaguchi et al. 2016) . The threshold for the P value was set to 1E −3 for a significant association.
Results
Intraspecific variation in awn length and genetic analysis of the awnless phenotype
The awn length variation in the Ae. tauschii core collection was reevaluated based on the population structure, mainly consisting of two major lineages and four sublineages. For TopAL, a significant difference (Welch's t-test, P < 0.001) was observed between TauL1 and TauL2, but not among the four sublineages (Fig. 1a) . For MidAL, significant differences were observed not only between the two major lineages (Welch's t-test, P < 0.001) but also among the four sublineages (Steel-Dwass test, P < 0.01). The TauL1b accessions were clearly divided into two further groups for MidAL (Fig. 1b) . KU-2003 (var. anathera) , one of the parental accessions of the mapping population, appeared to have shorter awns at the middle spikelets than KU-2124 (var. tauschii), the other parental accession (Fig. 2a) . SEM observation of the distal end of the lemma showed that thorns on the dorsal side of the awn and on the awn itself contained a number of stomata on the surface in both KU-2003 and KU-2124 (Fig. 2b-d) . Table 1 ). The observations indicated that MidAL of the variety anathera was much smaller than that of the variety tauschii, and that awn length at the middle of spikes could be visibly regarded as the awnless phenotype. In the KU-2003/KU-2124 population, both TopAL and MidAL of the F 2 individuals varied widely. Even F 2 individuals with awn development greatly suppressed at the middle spike contained many stomata on the awn surface (Fig. 2e, f) .
A scatter plot based on TopAL and MidAL showed that the 116 F 2 individuals separated into two groups chiefly based on MidAL; 83 plants with short awns and 33 with long awns, significantly fitting a 3:1 segregation ratio (χ 2 = 0.74, P = 0.39), consistent with Mendelian segregation of alleles of a single gene (Fig. 3a) . This result indicated that a single genetic locus, represented here as Anathera (Antr), was associated with the awnless phenotype, and that the dominant awnless allele could be used as a phenotypic marker. In the KU-2003/KU-2124 population, TopAL values were highly correlated (R 2 = 0.497) with MidAL values.
Mapping of the awnless locus and QTL analysis
The KU-2003/KU-2124 mapping population was used to assign the Antr locus. A linkage map of the KU-2003/ KU-2124 population was constructed with 111 SSR markers and eight linkage groups, and the total map length was 1369.1 cM with an average spacing of 12.33 cM between markers. Antr was assigned to the distal region on the short arm of chromosome 5D, together with the loci for 17 SSR markers (Fig. 4a) , and the map length of chromosome 5D was 227.8 cM with an average spacing of 12.66 cM between markers. Next, QTL analysis was conducted using the awn length data of each F 2 individual for validation. QTLs for TopAL and MidAL with LOD scores of 17.47 and 50.57, respectively, were both found at the same chromosomal position as Antr (Fig. 4a) . The 5D QTLs explained 43.8% of the TopAL and 82.8% of the MidAL variation in the KU-2003/ KU-2124 population. The genotypes of the F 2 individuals at the 5D QTLs were deduced from genotyping data on the Antr-Xcfd18 region markers, and the genotypic effect (Fig. 4b) . MidAL was more markedly repressed by the Antr dominant allele than TopAL.
Fine mapping of Antr
RNA-seq-derived SNP information (Iehisa et al. 2012 (Iehisa et al. , 2014 was used to develop additional markers near the Antr locus; seven high-confidence SNPs, represented as Xctg loci, mapped around the Antr chromosomal region in the KU-2003/KU-2124 population (Fig. 5) . Of the seven Xctg loci, four were located within the 7.6 cM chromosomal region surrounding Antr. Nucleotide sequences of the seven cDNAs corresponding to these Xctg loci were used as queries to select carrier from the Ae. tauschii sequence (Jia et al. 2013) . Different Ae. tauschii scaffolds were selected that mapped near the Xctg-carrying Ae. tauschii scaffolds as inferred from barley chromosome information based on chromosomal synteny between wheat and barley (Mayer et al. 2011) . Survey sequence information on common wheat (IWGSC 2014) was also used to select sequence contigs that aligned to the barley genome sequences without any hits to Ae. tauschii scaffolds. In total, 20 Ae. tauschii scaffolds and four T. aestivum contigs were assigned in silico to an area of the Ae. tauschii genome that corresponded to the Antr region in the physical map of barley chromosome 5H (Fig. 5) . Using a physical map of the Ae. tauschii chromosome arm 5DS (Luo et al. 2013b ), we mapped four Ae. tauschii scaffolds in silico to the corresponding region on the 5DS physical map. Nucleotide sequences of the selected scaffolds were additionally used to design SSR, CAPS, or indel markers, and then the markers polymorphic between KU-2003 and KU-2124 were mapped in the F 2 population (Fig. 5) .
Of the 20 scaffolds and four contigs selected, 16 scaffolds and two contigs were assigned to the Antr chromosomal region on 5DS (Fig. 5) . For mapping of seven of the scaffolds, seven Xctg markers were developed as CAPS markers based on the SNPs derived from RNA-seq data from Ae. tauschii (Iehisa et al. 2012 (Iehisa et al. , 2014 . Another nine scaffolds and two contigs were assigned as SSR, CAPS or indel markers (S markers, Table S1 ) based on sequence polymorphisms between the parental accessions. However, the remaining four scaffolds and two contigs were assigned to other chromosomes. In the KU-2003/KU-2124 population, the Antr locus was mapped within a 2.6 cM interval between the most closely linked markers (Fig. 5 ). An SSR marker (S57615-1), derived from the Ae. tauschii scaffold 57,615 sequence, was located 0.9 cM distal to Antr, and the Xctg211719 CAPS marker was located 1.6 cM proximal to Antr. The marker order in the KU-2003/KU-2124 linkage map was well conserved in the Antr region with that of the barley 5H physical map. However, some changes in the marker order were found in the chromosomal region proximal to Antr in Ae. tauschii compared with barley. Thus, scaffolds 106,719, 3575, and 12,831 were more closely linked to Antr than scaffolds 120,263, 13,839, and 19,976. The differences in the marker positions indicated that a local chromosomal rearrangement occurred in the region proximal to Antr during the divergence between barley and Ae. tauschii.
Antr-linked marker genotyping in the Ae. tauschii natural population
To confirm the genetic association among Antr-linked markers and the awn length variation in Ae. tauschii, two markers that were linked most closely to Antr (Xctg211719 and S57615-1) were used to genotype the 206 Ae. tauschii accessions. For Xctg211719 (CAPS), the 206 accessions exhibited only two apparent alleles, while S57615-1 (SSR) was highly polymorphic among the accessions. Association analysis showed that P values of Xctg211719 were low in TopAL and MidAL, and that the P value of S57615-1 for MidAL was also low (Table 2) , but with no statistically significant (P > 1E −3 ) association in the Ae. tauschii accessions. The allelic differences for the two marker loci in TopAL were not significant in Ae. tauschii, whereas the Ae. tauschii accessions with the KU-2003-type alleles in the S57615-Xctg211719 region revealed significantly shorter MidAL (Welch's t-test, P < 0.001) than the other accessions (Table 3 ; Fig. 3b) . Correlation between TopAL and MidAL values was low in the Ae. tauschii core collection (Fig. 3b) .
Discussion
Here, wide variations in TopAL and MidAL were found in Ae. tauschii. The length variation patterns were distinct between the top and middle spikelets; no difference in TopAL was observed among the four sublineages, whereas MidAL of the two TauL1 sublineages was significantly smaller than for the TauL2 sublineages (Fig. 2) . In fact, TopAL and MidAL values were independent (R 2 = 0.121) in the Ae. tauschii core collection (Fig. 3b) . This observation suggests that the genetic mechanism determining TopAL differs from that for MidAL in Ae. tauschii. On the other hand, a positive correlation (R 2 = 0.497) was observed between TopAL and MidAL in the KU-2003/KU-2124 population (Fig. 3a) , and QTL analysis of TopAL and MidAL showed that loci detected in common on the distal region of 5DS explained a large amount of the variation (Fig. 4) . Thus, TopAL and MidAL are largely controlled by a common genetic locus corresponding to Antr, and the dominant allele of Antr cannot completely inhibit awn elongation at the top of the spike. The Antr dominant allele has a strong effect on MidAL diversity. Awn length widely varies in common wheat accessions, and much of the variation can be explained by three major awn inhibitors, Hd, B1 and B2 (Yoshioka et al. 2017) . The differential regulation of TopAL and MidAL is also observed in common wheat (Yoshioka et al. 2017) . The common wheat lines with homozygous B1 alleles have relatively straight and short awns at the top of the spike, although the awn at the middle of spike is strongly inhibited by the effect of B1 (Yoshioka et al. 2017) . The TauL1b sublineage has been identified as the driver for eastward range expansion of Ae. tauschii (Matsuoka et al. 2013) . Flowering time of TauL1b is significantly earlier than that of other sublineages, and the early flowering TauL1b accessions have lowered seed-production ability relative to the intermediate and late flowering accessions (Matsuoka et al. 2013 ). Many TauL1b accessions had no or short awns at the middle of the spike (Fig. 1) . Therefore, the Ae. tauschii accessions with no or short MidAL have largely accumulated in the early flowering sublineage, TauL1b.
In the KU-2003/KU-2124 population, the 3:1 segregation of short-awn and long-awn individuals implied the existence of a single major locus, Antr, controlling awn length. Both genetic mapping of Antr and QTL analysis of the awn length variation showed that the Antr locus is in the distal region of the short arm of chromosome 5D (Fig. 4) . The Antr allele conferring the short awn phenotype was dominant, suggesting that Antr functions as an awn inhibitor and defines the anathera variety of Ae.
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tauschii. The known wheat awn inhibitors Hd, B1, and B2 are located on chromosomes 4AS, 5AL, and 6BL, respectively (Sears 1954; Li et al. 2015; Yoshioka et al. 2017 ). Because Antr is located on 5DS and is non-homoeoallelic to Hd, B1, and B2, Antr is a novel gene controlling the awnless phenotype in Ae. tauschii, and thus is a fourth awn inhibitor in wheat and Aegilops. In wild Aegilops species including Ae. tauschii, the presence or absence of awns on the top of the lemma and outer glume is an important basis for definition of subspecies and varieties (Eig 1929). The diagnostic character of variety anathera, specifically distributed in TauL1 (Mizuno et al. 2010) , is the awnless phenotype in Ae. tauschii. In contrast to cereal species such as common wheat, rice and barley, the genetic basis of awn length regulation is largely unknown in wild Aegilops species. No awn length-related gene has been reported in the distal region of 5DS in rice and barley, grass species showing chromosomal synteny with wheat. In rice and barley, moreover, the alleles reported as conferring an awnless phenotype are mainly recessive (Luo et al. 2013a; Yuo et al. 2012; Liller et al. 2017) . The dominant feature of the wheat awnless alleles is in great contrast to the recessive alleles in rice and barley. Though many awnless accessions can be screened in other Aegilops species similarly to Ae. tauschii, there is little genetic information on awnless phenotypes. To confirm universality of the dominant feature (Jia et al. 2013 ) and contigs from the T. aestivum survey sequences (IWGSC 2014) were assigned to the barley physical map of chromosome 5H (IBGSC 2012 ). An Ae. tauschii physical map (Luo et al. 2013b ) with the mapped scaffolds is also represented. Scaffold and contig positions (in Mb) are shown on the left, and their numbers indicated on the right in wheat and Aegilops, comprehensive genetic studies of awnless phenotypes are needed. Epistatic interactions have been found among the three awn inhibitors of common wheat; for example, the hooded awn phenotype generating the membranous lateral outgrowth formation requires the Hd and B2 interaction, and B1 strongly suppresses the hood formation (Yoshioka et al. 2017 ). The genetic relationship between Antr and the three dominant awn inhibitors of common wheat is unknown. Synthetic hexaploid wheat lines derived from the anathera variety will help assess the effect of the Antr awnless allele on the awn phenotype in a hexaploid wheat background.
Genetic association analysis detected no statistically significant association of either of the two markers linked most closely to Antr with awn length variation in the Ae. tauschii core collection (Table 2) . On the other hand, the Ae. tauschii accessions with the KU-2003-type allele around the Antr region showed significantly shorter MidAL (Table 3) . Thus, development of more closely linked markers is needed to precisely estimate the association between genotypes of the Antr chromosomal region and phenotypic variation in awn length. Identification of the causal gene and functional mutation of Antr should elucidate the basis for the dominant feature of this awnless allele. The availability of updated information on the wheat genome sequences for diploid and polyploid species via assembly with NRGene's DeNovoMAGIC software (https://wheat-urgi.versailles.inra.fr) will facilitate detection of additional markers around Antr and identification of candidate genes for Antr. 
